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ABSTRACT
The history and underlying theory of the partial reflection experiment is
reviewed. An electron-density profile is calculated from differential absorp-
tion measurements using a collision-frequency model extrapolated from rocket
measurements. This profile is in reasonable accord with rocket measurements
of electron density. In reviewing the applicability of the partial reflection
experiment at Urbana, Illinois, the main limitation was found to be atmospheric
noise.
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1. INTRODUCTION
1.1 Brief Description of the D-Re ion
The earth's atmosphere extends from its surface to a distance of several
thousand kilometers. The lower portion of the atmosphere from 50 to 90 km
which contains varied concentrations of electrons, positive and negative ions
is called the D-region. The property of the D-region of interest in this paper
is the electron concentration as a function of height.
The collision frequency of neutral particles is another property which
must be known or assumed to deduce electron concentrations from the experimental
data.
1.2 Techniques for Studying the D-Region
Two methods of obtaining information about electron concentrations in the
D-region are measurement of Faraday rotation and measurement of differential
absorption. Faraday rotation is an additional change in phase of a radio wave
propagating through the ionized med-.um which would not occur in the absence of
the ionization.
When a radio wave propagates through an ionized medium, it will give up
some of its energy to the medium and will also have some energy reflected by
the medium. The extraordinary mode of circular polarization suffers more
energy loss (absorption) than does the ordinary mode in an ionized medium.
This difference in the amount of energy loss between the two modes is called
differential absorption of the ordinary and extraordinary modes of circular
polarization and will be referred to simply as differential absorption. This
absorption is proportional to the electron density in the region traversed by
the radio wave.
i.
Absorption of a linearly polarized radio wave may be measured and the
electron density profile deduced from it.
These methods may be used in two classes of experiments. The first class
is rocket-borne experiments. Each payload may contain instrumentation for
several types of measurements. The second class is ground-based experiments
which can also be divided into several types of measurements.
1.2.1 Rocket-Borne Experiments
One variation of the radio propagation experiment consisted of a trans-
mitter on the ground and a receiver in the rocket. Sjliga (1965) used a
ground-based transmitter operating at a frequency of 163 kHz with an output
power of two kilowatts. The transmitting antenna was a vertical tower equi-
valent to a short vertical dipole. There were two similar tuned radio fre-
quency receivers in the rocket. One ferrite loop antenna was oriented along
the rocket's longitudinal axis and connected to one receiver, the other
receiver output voltages were used for signal strength analysis.
Knoebel et al. (1966) transmitted two circularly polarized signals, one
ordinary and one extraordinary with a 500 Hz frequency difference between
them. These circularly polarized signals were received by a linearly
polarized antenna in the rocket and the 500 Hz modulated signal from the
receiver was telemetered back to the ground transmitter. The extraordinary
mode transmitter power was increased to maintain a constant level of modula-
tion at the rocket. This measurement yielded differential absorption. The
phase of the 500 Hz signal was measured with respect to a phase reference on
the ground to obtain the Faraday rotation.
Hall and Fooks (1965, 1967) measured the amplitude of the three electric
field components of a 202 kHz plane-polarized wave field transmitted from the
2
ground to the rocket in their first experiment. In their second experiment
the three orthogonal electric dipole antennas were replaced by three ortho-
gonal magnetic loop antennas to measure the amplitude of the magnetic com-
ponents of the 202 kHz plane-polarized wave field. These measurements yielded
electron density versus height profiles.
In two experiments by Aikin et al. (1964), absorption and Faraday rotation
measurements were used to deduce electron-density profiles. In the first
rocket flight, linearly polarized signals were transmitted from the ground at
frequencies of 4.9 MHz and 3.0 MHz. The spin of the rocket swept the receiving
antennas through the polarization elipse of the transmitted signals and a sinu-
soidal variation of signal was recorded. The frequency of the sinusoidal vari-
ation was the sum of the rocket rotation frequency and the Faraday rotation.
The rocket rotation was independently determined with a solar aspect sensor
so the Faraday rotation could be extracted from the sinusoidal signal. The
second rocket flight recorded Faraday rotation information on frequencies of
1.8 and 4.9 MHz while differential absorption information was obtained by
transmitting circularly polarized signals and switching between ordinary and
extraordinary modes on a frequency of 3.0 MHz.
Jespersen et al. (1964) used four ground transmitters, four receivers
in the rocket, and a special switching arrangement to eliminate the effect of
rocket spin on the measurements. The amplitudes of ordinary and extraordinary
circularly-polarized modes provided differential-absorption and phase measure-
ments provided Faraday-rotation information.
A rocket experiment with transmitters in the payload was done by Kane
(1959). The two transmitted frequencies were 7.75 and 46.5 MHz (the sixth
harmonic of 7.75 MHz). The difference frequency of these two signals was
3
received on the ground, multiplied by six, and compared with the ordinary mode
component of the high-frequency signal. The extraordinary-mode component was
also compared in this same way as a separate measurement. The resulting beat
frequency was used to deduce the collision-frequency profile.
Current probes were used to measure electron or ion currents. In the
case of the DC probe held at a constant positive potential (Smith, 1962),
the electron current was proportional to the electron density. These measure-
ments were used to provide fine structure to the radio propagation electron-
density profiles (Mechtly et al., 1967). Bowhill and Smith (1966) swept the
potential of the DC probe with respect to the rocket body and obtained electron
density and electron temperature values with the Langmuir probe technique of
analysis. Electron temperature was also measured by supplying a small con-
stant AC to the probe while maintaining a constant DC and then detecting the
AC voltage across the probe (Seliga et al., 1965). Another type of probe was
the subsonic blunt AC probe used by Hale et al. (1967) to measure electron,
positive and negative ion densities. The blunt probe was carried aloft by
the rocket, ejected, and parachute-borne through the D-region. The current
due to the AC voltage on the probe was telemetered to the ground and recorded
for later analysis.
Ion chambers provided information about the absorption of a particular
wavelength of radiation as a function of height. The composition profile of
a constituent of the ionosphere was determined from the absorption profile.
Smith and Weeks (1965) deduced the concentration of molecular oxygen versus
height from the absorption profile of Lyman-a radiation. The ion chamber
contained nitric oxide and had a lithium fluoride window.
4
5The rocket experiment has several advantages over ground-based techniques.
The rocket can be set up at almost any locaticn to obtain measurements. A
greater sensitivity of measurement can be accomplished with the rocket.
Detailed height resolution is an integral part of each flight. This technique
is well suited to measurements of transient conditions because of its high
data collection rate. Some quantities can be measured only with the rocket.
An example of this would be the measurement of DC electric fields. The rocket
can be used to test plasma experiments in a clean plasma environment with a
wide range of pressures and the density is known.
1.2.2 Ground-Based Experiments
Ground-based experiments are valuable because they provide data on a
routine basis which can be organized to study the characteristics of the iono-
sphere or any changes in those characteristics.
Thomson scatter, which is a radar backscattering technique, does not
yield data below 100 km and is therefore not suited to D-region studies.
Radio waves emanating from several commercial radio transmitters and
reflected by the ionosphere were monitored by several experimenters and the
results analyzed by Deeks (1966) in an effort to deduce an average or basic
characteristic behavior in the 55 to 90 km range. The frequencies of the
transmitters were in the interval from 16 to 127 kHz and the receiver dis-
tances from the source were 90 and 535 km. The full-wave method of analysis
was used to calculate the reflected waves from an assumed electron-density
distribution. The calculations were then compared with the experimental
results. If the comparison was not satisfactory, a new distribution was
assumed and the calculations were repeated. This iterative process was con-
tinued until there was good agreement between calculated and experimental
Noma
values. These were the first consistent electron-density profiles. Bain and
May (1967) had to lower Deek's distributions about 6 km to obtain a good fit
to VLF ground-interference patterns.
The cross-modulation technique measured the difference in the absorption
of two pulses of radio frequency energy. One passed through an unexcited
volume and the other through an excited volume of the ionosphere. In the first
case, a pulse was reflected from the ionosphere and the return amplitude was
recorded. In the second case, a transmitter on a different frequency illumin-
ated a selected portion of the ionosphere so that the second pulse on the
original frequency would pass through an excited volume and that return ampli-
tude was recorded. The transmitter which caused the excitation of the iono-
spheric volume was called the disturbing transmitter. The transmitter which
had its pulses received and recorded was called the wanted transmitter. The
disturbing pulse was partially absorbed by the volume and that caused an
increase in the mean electron temperature above the neutral particles. The
increase in electron temperature caused an increase in the collision frequency
of the electrons with the neutral particles which changed the amount of
absorption of the wanted pulse. The disturbing transmitter was operated in
both the ordinary and extraordinary modes of circular polarization.
The cross-modulation experiment as performed by Fejer (1955) consisted
of a disturbing pulsed transmitter operated at a frequency of 1.8 MHz with an
effective radiated power of 80 kilowatts. The pulse length was 50 micro-
seconds and the pulse repetition frequency was 40 Hz. The disturbing trans-
mitter antenna was a configuration of four half-wave dipoles forming the
sides of a square and phased for circular polarization. The wanted trans-
mitter radiated a peak power of 32 kilowatts at a frequency of 2.4 - 2.6 MHz.
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The pulse length was 50 microseconds and the pulse repetition frequency
was 80 Hz. The wanted transmitter antenna was a horizontal half-wave
dipole 30 feet above the ground. The receiver tuned to the wanted trans-
mitter frequency had a 30 kHz bandwidth and a phase-sensitive detector
time ccnstant of 10 seconds. The receiver antenna was a horizontal half-
wave dipole 30 feet above the ground. The wanted and disturbing pulses
were adjusted to meet at a certain height so that the change in absorption
could be measured at that height. The collision-frequency and electron-
density profiles were calculated from this experimental data.
1.3 Present Knowledge of Electron Densities in the D-Region
In this section the results of several experiments are presented,
giving information on the variation of electron concentration with height
from about 50 to 100 km. A variety of different types of experiments was
chosen so that the consistent features of D-region behavior could be
deduced.
Prior to 1953, the principal sources of information about D-region
electron densities were from measurements of the phase and amplitude of
VLF signals reflected from the D region; and from measurements of the
absorption of HF radio waves. The difficulty with both of these techniques
is that of determining an unambiguous electron density-height profile from
a measurement which essentially involves a range of altitudes in the
reflection or absorption process.
One example of this approach is that of Bracewell and Bain (1952) who
hypothesized the existence of two ionized layers, called by them Da and
D6; the altitude of the first varying regularly with solar zenith angle
throughout the day, while the second appeared suddenly in the pre-sunrise
7
4period. These two layers are now believed to have separate physical origins;
the first from ionization of nitric oxide by Lyman-a, the second by the
photodetachment of negative ions by visible radiation.
In the work of Nertney (1953) experiments on low frequency pulse reflec-
tions from the ionosphere were combined with other types of measurements to
give D-region electron-density profiles for the first time. However, his
solution was based on the construction of models which were far from unique.
Gardner and Pawsey (1953) devised the partial reflection experiment and
used it to derive electron-density profiles from about 65 to 82 km. One
^'^aracteristic of the profiles was that a layer of ionization formed between
60 and 75 km during the day. Within this layer the ionization tended to be
stratified with the height of stratification being variable from day to day.
The electron density versus height profile obtained using the cross-
modulation technique (Fejer, 1955) was not very much different from the
Gardner and Pawsey (1953) result. The 70 km echo was regularly observed
during the day.
In 1956, Pineo was studying the forward scattering of VHF radio waves.
He found that most of the scattering was coming from heights 60 to 90 km above
the earth. At night, the scattering was mainly from a layer between 85 and
90 km. This layer could also persist in the..yaytime with little variation
in height, the most effective scattering layer being between 60 and 75 km.
The daytime layer was observed for longer periods in November than in January
showing the possibility of a seasonal effect.
Gregory (1957), detected partial reflections from 80 to 90 km during the
day and night, but detected reflections below 80 km only during the day, as
did Pineo (1956); Gregory also occasionally detected echoes as low as 50 km.
8
The partial reflection data indicated that reflection heights were lower in
winter than in summer and the winter reflections were stronger than summer
reflections.
When Fejer and Vice (1959; compared the results from their partial reflec-
tion experiment with their cross-modulation results, they found a general
agreement between the two. Their data indicated that a separate layer might
exist below 75 km and that the electron density was proportional to the cosine
of the solar zenith angle in the height range 70 to 85 km.
Some further results obtained from the partial reflection experiment by
Gregory (1961) showed evidence of preferred reflection heights at 56, 62, 67,
75 and 85 km. He found that echoes could be detected as low as 55 km during
two-thirds of the year, but that few echoes were seen below 65 km in late
summer. The predominant reflection height at night was about 75 km in mid-
winter, and about 85 km for the remainder of the year.
Smith (1962) analyzed data from three rocket experiments and found small
layers of plectron density at heights of 82, 96 and 97 km with some small-scale
electron-density fluctuations at 87 and 93 km.
An experiment conducted by Holt (1963) illustrated the importance of
eliminating oblique echoes in the partial reflection experiment. Differential
absorption apparently occurring at 69 - 75 km was found to correspond to an
altitude around 60 km but displaced horizontally.
During an intense auroral absorption event, Jespersen et al. (1964) con-
ducted three rocket experiments to calculate electron densities and collision
frequencies. One electron-density profile showed ledges at about 77 and 90 km.
The results of two rocket experiments by Aikin et al. (1964) indicated a
maximum of electron density at about 81 km and a minimum at about 84 km.
9
Belrose and Burke (1964) also obtained a minimum at 84 km from their partial
reflection data, but their maximum was between 75 and 80 km.
Belrose et al. (1965), again using partial reflection data, studied the
seasonal behavior of electron density. They found that excess absorption due
to high electron densities, occurred only in winter and during that time the
electron densities varied from day to &.y. Fcr heights below 75 km, the change
from summer to winter behavior took place in ten days or less in November
whereas the change from winter to summer behavior took place in February
over a longer time.
Deeks (1966), in his analysis of LF and VLF propagation, noted a persis-
tent gradient of electron density near 74 km. At night, there was a steep
gradient of electron density near 89 km and this gradient appeared at 84 km
in the winter. Solar radiation increased electron concentration below 70 km
quickly and the level remained nearly constant all day long. The electron
concentration between 70 and 90 km increased more slowly and the production
rate was a function of solar zenith angle.
In another partial reflection experiment, Falcon (1967) found that the
average values of electron density were higher at the higher altitudes during
the equinox period than in November. The average values of electron density
at lower heights had a smaller seasonal variation.
Piggott and Thrane (1966) displayed results from a cross-modulation
experiment and a rocket experiment along with their measurements of virtual
height and vertical incidence absorption as a function of frequency. They
noted two significant ledges of electron density, one between 80 and 95 km
and one between 60 and 75 km. The electron densities varied considerably
witn solar activity.
10
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Gregory and Manson (1967) used partial reflection data to determine the
change in height of a particular value of electron density over the daylight
hours. The height of a particular value of electron density was plotted at
the time it was measured. They were able to determine that lower values of
electron density (i.e. 100 cm -1 ) had a greater change of height during the
day than did the larger values ( i.e. 500 rm -1 ). They also found that their
measurements of electron density were in satisfactory agreement with some
rocket measurements made at the same time.
Three regions describe the general behavior of the electron -density pro-
file. In the upper region, above about 85 km, the electron density increases
very quickly with height. The electron density in the lower region, below
about 65 km, exhibits a steep gradient which is greater in summer than in
winter. The two electron -density profiles shown in Figure 1.1 were calculated
from rocket da^a obtained by the University of Illinois, Aeronomy Laboratory
at Wallops Island, Virginia. These profiles illustrate the three regions
previously described.
1.4 History of Techniques for Partial Reflection Measurements
In the partial reflection experiment, radio frequency pulses are trans-
mitted into the ionosphere. These pulses are linearly or circularly polarized.
The reflected signals are detected with high-sensitivity receivers and dis-
played as a function of height (time). Electron density as a function of
height can be deduced from these signal amplitudes provided the variation of
collision frequency with height is measured or assumed. The important point
is that the reflections are very weak (hence the term partial reflections)
and this necessitates the use of sensitive receivers, high-gain transmitting
and receiving antennas, a high-power transmitter, and a low noise site.
11
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Gardner and Pawsey (1953) selected a low noise site for the first partial
reflection experiment. The transmitter had a peak power of approximately 1
kilowatt at a frequency of 2.28 MHz and a pulse length of 30 microseconds.
The transmitting antenna was a linearly-polarized, center-fed, horizontal
half-wave dipole. The receiver had a bandwidth of 50-60 kHz and a noise
factor of 1.3 decibels. The receiving antenna was circularly polarized and
consisted of two perpendicular half-wave dipoles in the form of a cross. The
transmitter and receiver sites were separated by 20 or 30 km. Initially the
amplitudes were read visually from an A-scan display (amplitude versus height)
and the absolute value of the reflection coefficients was deduced from the
relative amplitudes of the first and second E-echoes. Since the dynamic
range of echoes was very large, it was necessary to modify the receiver to
give a logarithmic response. Electron densities were calculated from the
measured integrated absorption of the ordinary and extraordinary modes of
circular polarization.
In 1955, Gregory (1956) used a large vertically-directed broadside
antenna array for both transmitting and receiving. He used a pulse width
of 8-10 microseconds to obtain good height resolution. The peak transmitter
power was 3 to 5 kilowatts on a frequency of 1.75 MHz. The experiment was
conducted at a low noise site. With the increased system gain due to the
higher transmitter power and larger antenna gain, he was able to detect
reflections which could not be seen with the Gardner and Pawsey instrumenta-
tion. Reflections were also detected at heights below 70 km.
Fejer and Vice (1959) transmitted and received on one polarization then
the other. This change from transmitting linear polarization and receiving
the reflected circular components enabled them to get better separation
13
between the two polarizations. They also devised an improved method of
recording the data using a dual-beam cathode-ray tube and a camera. One
electron beam was used to display the height marks and the other to display
return echo amplitudes as a function of height (A-scan). Each picture was a
double exposure: the first exposure being a display of the ordinary polari-
zation reflected signals and the second being an inverted display of the
extraordinary polarization reflected signals. When both exposures had been
taken, the film wound to the next frame. The interval between pictures was
10 seconds. Their observations were made on 1.83 and 2.63 MHz.
Belrose and Burke (1964) made partial reflection observations on fre-
quencies of 2.66 and 6.275 MHz. They used the method of recording introduced
by Fejer and Vice (1959), but reduced the time between single exposures from
1/25 to 1/10 second and the time between pictures from 10 seconds to 1 or 2
seconds. The 2.66 MHz experiment had a trbasmitter peak power of 1 megawatt
to overcome 1, gh absorption and noise at this frequency. A 128-dipole
circularly-polarized antenna array was used on 6.275 MHz to reject oblique
reflections. Previously (Gardner and Pawsey, 1.953; Fejer and Vice, 1959)
electron-density profiles had been calculated with the classical Appleton-
'lartree formulas. Belrose and Burke (1964) used the quasi.-longitudinal
approximation to the generalized Appleton-Hartree formulas (Sen and Wyller,
1960) for their calculations of electron density.
1.5 Statement of the Problem
The purpose of this research is to determine the applicability of the
partial reflection technique at the latitude of Urbana, Illinois (40°N).
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2. THEORY OF DIFFERENTIAL ABSORPTION IN THE D-REGION
2.1 Generalized Appleton-Hartree Magnetoionic Formulas
The earth's upper atmosphere is an anisotropic, inhomogeneous, ionized
medium. In order to describe the effects of this complex medium on the pro-
pggation of radio waves, it was necessary to make some simplifying assumptions
about the medium itself. Appleton (1927) derived expressions for the complex
refractive indices and the polarization of waves passing through a magneto-
ionic medium. The magnetoionic medium was a gas of neutral molecules which
contained a homogeneous distribution of electrons and heavy positive ions.
This plasma was assumed to be in a uniform magnetic field. Hartree (1929)
obtained the same formulas as Appleton at about the same time, but used a
different approach in his derivation. For this reason the equations are
referred to as the Appleton-Hartree formulas.
These magnetoionic formulas are valid for predicting ionospheric effects
on radiowave propagation as long as the collision frequency is a constant.
In 1960, Sen and Wyller rederived the refractive index and polarization
formulas using a generalized conductivity tensor in which v was a function
of collision frequency. These formulas reduced to the original Appleton-
Hartree form for the case where v was equal to a constant. In the general
case, where the collision frequency was a function of the individual elec-
tron energy (Phelps and Pack, 1959), an additional angular term was obtained.
Collisional effects are important in the D-region so the generalized form of
the Appleton-Hartree formulas will be used. The generalized form of the
complex refractive index is
is
16
n2 = (A + Bsin2^ ± B2sin4 - C2cos 2 ^ ) /(D + Esin2^)
	
(2.1)
where
A = 2EI ( EI+EIII
B _ 
E III (E I
+E 
III ) + EII 
2
C = 2EIEII
D = 2c 
E = 2E III
C  = (1-a) - ib
EII = (f-d) / 2 + i(c-e)/2
EIII = [a - (c+e)/2] + i[b - (f+d)/2]
a = (wo2 / vm2 ) . 3/2(w/vm)
b = (Swo2
/2wvm) 6 5/2(w/vm)
c = (wo 2 (w-wL)/wvm2 ) ^ 3/2[(w- wL)/vm]
d = (Swo2/2wvm)	 5/2[(w-wL)/vm]
e = [wo2 (w+wL)/wvm2 ] 3/2[(w+wL)/vm)
f = (SWo2/2wvm)	
5/ 2[(w+wL)/vm]
to Obtain
The definitions of the quantities presented in the above equations are
= angle between the direction of propagation and the
earth's magnetic field.
w = angular frequency of the transmitted wave.
v  = mono-energetic collision frequency.
(9 
Co
(x) - ?^  I 22 a EdE
p	 p' 0 E`+x
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where
E = mv2/2kT
wo = plasma frequency = Ne 2 /Me o
m = electron mass = 9.1 x 10-31kg
v = electron velocity
k = Boltzmann constant = 1.38 x 10 -23 J0K-1
T = temperature
N = electron density
e = electron charge = 1.6 x 10-19C
Co 
_ permittivity of free space = 8.85 x 10 -12F m-1
2.2 Statement of Assumptions and Approximations Necess
on
2.2.1 Quasi-Longitudinal Approximation
The expression for the complex refractive index can be greatly simplified
if the angle between the direction of propagation and the earth ' s magnetic
field is sufficiently small. From inspection of Equation (2.1), if
18
Bsin2^^ << 1
	 (2.2)
A
B2 sin 4¢ << 1
	 (2.3)
CC Cos
Esin2^^ << 1
	 (2.4)
T)
then ^ is sufficiently small and Equation (2.1) reduces to
n2 = A ± -C2cos2^	 (2.5).
D
Since w  << v  in the D-region, a,b,c,d,e,f = 0 consequently
E I	1; E II I EIII = 0 and Equation (2.2) becomes
2
E III (E I +EIII ) + EII 
sin 2^ = 0
2EI(EI+EIII)
Equation (2.3) becomes indeterminate and Equation (2.4) becomes
2eII 
sing ¢
 a 0
I
The left-hand side of Equation (2.3) J s a fuiietion of v  since w, ^ and w 
are constants. Its value is calculated for a maximum (v
m (max) ) and minimum
(vm(min)) expected value of collision frequency.
n2 = A ± -C1cos2^
D (2.6)
19
I	 B2 sin 4^ - 0
.00036 for vm(max)
CC c	 _ 0.015	 for vm(min)
Hence, all of the conditions for the quasi-longitudinal approximation are satis-
fied and it is used at Urbana, Illinois.
1- [wo(w±wL) /wvm] 6 3/2[(w±wL) /vm] - i(Swa/2wvm) 65/2 [ (W±W L) /Vm]
The plus signs are for ordinary polarization and the minus signs are for the
extraordinary polarization in the 
w±wL 
terms.
2.2.2 Calculation of Reflection Coefficient Ratios
Assuming Fresnel reflection from a boundary between two regions of refrac-
tive index n 1 and n2 , the reflection coefficient (Budden, 1961) is approximately
R = n2"
= 6n
n2+n1 - 2n
w
2
for each polarization in an anisotropic medium if -- 0 << 1. If vm is assumed
w
constant across the boundary (Belrose and Burke, 1964), n 2 is a function N alone.
Differentiating Equation (2.6) with respect to N, it becomes
2n dN = -(e2/meowvm)([(w±wL)/vm] A/2 1 (w±wL) /vm] + i(5/2) ^5/21(w±wL)
/vm]}
Assuming that nx ,no = 1, the ratio of the reflection coefficients is
Rx	6nx 2	 [(w-wL)/vm] ty3/2[(w-wL)/vm] + i(S/2) t95/2[(w-wL) /vm]
R 
	
-7- o [(w+w )/v ] 9y3	
L
[(w+w )/v ] + i(5/2) 6y 	 L[(w+w )/v ]L m	 /Z	 m	 5/2	 m
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'R
x
-I - `{[(w-w )/v l ^ / [ (w-wL )/vm l
}2 
+ {(5/2)
	 5 / 2 [(w- wL )/vm
 ]}211/2
L m	 3 2	 _
IRO
1
	L [ (w+wL)/vm] 6 3/2[(w+wL)/vm]}2 + {(5/2) X5/ 21(w+wL)/vm]}
Note that the ratio of the reflection coefficients is a function of v
m
alone and can be calculated for any assumed collision frequency model.
2.2.3 Calculation of Electron Densities from Differential Absorption
By definition, n = u - ix where X = cK
W
X = absorption index
K = absorption coefficient
P = phase refractive index
n2 = (u- ix) 2 = u 2 - X 2 - i2uX
Equating the imaginary parts of Equation (2.6)
2ucK
 = (SW o/ 2wvm) 65/2[(w±wL)/vm]
Solving for K with u = 1
K = (SW o/4cvm) 6 5/2[(w±wL)/vm]
= (5Ne74cmE0vm) e512 [(w±w L)/vm ]	 (2.7)
The reflected wave which suffers absorption, as described by Belrose and
Burke (1964), is
A = Rexp(-2jo Kdh)
where R is the unabsorbed reflected signal amplitude and the exponential is the
absorption factor. The ratio of the reflected waves is
Ax/Ao = (Rx/Ro)exp[-2jo(Kx-Ko)dh]
R
The ratio of this expression evaluated at two heights, h l < h 2 is
(Ax/Ao ) h=h	 (Rx/Ro)h=h	 h
Ax/A T_
h
=h1 
'FR Ro 
h
=hl 
exp(2jhi(Kx-K0)dh]
2	 2
Assuming that the differential absorption (Kx-Ko) is constant in the interval
h
Ah = h 2-h l , then 2Jh 2 (K-K)dh = 2(K-K)un. Solving Equation (2.8) for the
1 
x o	 x o
differential absorption term, the result is
Kx
-Ko = T1 n{[(Ax/Ao)/(Rx
/Ro)]h l
/(Ax/Ao)/(Rx/Ro)]h 2 }	 (2.9)
Combining Equations (2.7) and (2.9), the expression for the electron density is
N = [(SAhe2/2cmeovm){ 65/2 [ ( W- wL)/ vm ] - [05/2[(a-aL) /vm]}]-1
(2.10)
x (ln{[(Ax/Ao)/(Rx/R0)]h 1 /[(Ax/Ao)/(Rx/Ro)]h 2 })
2.3 Mechanism of Scattering in the D-Region
Gardner and Pawsey (1953) proposed that the weak reflections were caused
by small irregularities in ionization. They determined that density changes in
un-ionized air would cause negligible changes in the refractive index. Their
experimental frequency was near the electron gyro-frequency and they noted
large differences in the ordinary and extraordinary waves. From this result,
they concluded that electrons were the important scatterers. They also assumed
that reflection was caused by large bodies of gas with small reflection co-
efficients rather than, small highly-ionized bodies of gas.
Several sources of scattering were considered by Gregory (1961). The
possibility that reflections originated from turbulent scattering within an
21
(2.8)
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electron-density gradient was considered, but the preferred heights of reflec-
tion could not be explained in terms of the known D-region characteristics at
that time. Electron-density gradients and meteors were also considered as
possible scattering mechanisms. He studied the horizontal extent of the
reflecting regions, but was only able to determine that they were larger than
the beamwidth of his antenna system. He estimated the thickness of the reflec-
ting regions to be 5 km or less.
.jelrose and Burke (1964) used transmitter pulse widths of 25, 50 and 100
microseconds to see how this parameter effected their data. They determined
that the echoes were caused by discrete scatterers because the shorter pulse
:widths only increased the height resolution of the echo peaks.
3. EXPERIMENT
3.1 Experimental Method
In this experiment, high-frequency radiowave pulses are transmitted verti-
cally into the upper atmosphere and the amplitudes of the reflected signals are
recorded. Two pulses are transmitted per cycle; the first pulse is ordinary
polarization and the second pulse is extraordinary polarization. The receiver
is switched from ordinary tc extraordinary polarization between transmitted
pulses. These reflected signal amplitudes are a measure of the energy reflected
by ionization irregularities for each polarization. The difference in the
absorption of the two polarizations is a function of electron density and
collision frequency. By assuming an appropriate collision frequency model,
the electron density can be calculated from the reflected signal amplitudes.
The high-power transmitter, sensitive receiver, and large antenna array
provide an excellent combination for studying weak reflections from the D-region.
The received signal amplitudes are a combination of reflected energy, atmo-
spheric noise, electrical noise, and interfering signals from other transmitters.
The contribution of each system unit to the reduction of these unwanted effects
will be discussed in each of the following sections.
3.2 Instrumentation
3.2.1 Transmitter
Figure 3.1 is a photograph of the partial reflection system. The three
equipment racks on the right contain the transmitter units. A bloc:. diagram of
the transmitter is shown in Figure 3.2. The transmitter parameters are
Frequency	 2.66 MHz
Peak Power
	
50 kW
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Pulse Width
	
50 usec
Pulse Repetition Rate	 1-double pulse every 2 seconds
Output Impedance	 50 S2, unbalanced.
Each transmitter unit is housed in a shielded cabinet to minimize interference
with other equipment.
The tuneable Hartley oscillator is transistorized rur maximum frequency
stability and minimum heating effects. All of the power supply voltages are
electronically regulated. The exciter-pulser unit amplifies the output of the
tuneable oscillator and generates the 50 usec high and low voltage gating pulses
for the exciter, driver, and final amplifier units. The driver amplifier is a
class-C push-pull power amplifier which supplies the grid volta ge for the final
amplifier. The output power of 50 kW to the antenna system is provided by the
final amplifier which, like the driver amplifier, is operated 'In the push-pull
configuration.
3.2.2 Receiver
Figure 3.3 is a photograph of the receiver and its three modules. A block
diagram of the receiver is shown in Fig-ire 3.4.
The receiver parameters are
Center Frequency	 2.66 Miz
Noise Figure	 3 dB maximum
Bandwidth	 35 kHz between -3 dB points on
bandpass response curve
Ripple Within Passband 3 dB overall waximum
Recovery Time	 200 usec for receiver to drop into
noise after 0.1 volts rms at the
mn i
sa
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Figure	 3 Partial reflection receiver (after hcnry , 1966).
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signal frequency applied at the
input is removed.
Gain Variation	 3 dB maximum over the range 150
to 35°C
RF Input Impedance	 50 0, unbalanced
Output Impedance	 10 ko maximum, unbalanced
Output -Response	 DC to 50 kHz, 10 volts maximum
with the option of selecting
positive or negative polarity
output externally.
Power Supply	 Regulated to within 0.1% for
AC line voltage variations of
10% and over the range 15 0 to 35°C.
The receiver cabinet provides the necessary shielding between modules.
Since several circuits are housed in each module, shielding plates are in-
stalled between circuits for minimum interaction. The receiver is a super-
heterodyne design.
The RF amplifier module contains the RF amplifier, mixer, and local
oscillator circuits. The gain of the RF amplifier is adjustable. During the
transmitter pulse, the RF input is shorted out by the blanking circuit to pro-
tect the RF amplifier transistor and to prevent receiver saturation.
The IF amplifier/DC amplifier module contains four stages of IF amplifi-
cation before ' '-wave detection. An IF gain control is provided to adjust
the amount of feedback between the first and third IF amplifier stages.
Although this module has polarity reversal capability, it is not used in this
experiment (see Section 3.2.5).
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The power supply module provides all the necessary DC voltages to operate
the receiver. Each voltage is electronically regulated.
To keep the receiver noise to a minimum, the receiver is operated with
the RF gain control at maximum and the IF gain control at the minimum setting
necessary to obtain the maximum output, without saturation, for the antenna
input signals. Ceramic filters were considered for use in determining the
receiver bandpass, but were rejected in favor of the tuned transformer. The
ceramic filter seriously distorted a pulsed RF input. The response of the
receiver to a pulsed RF input is shown for the ceramic filter and tuned trans-
former in Figure 3.5.
3.2.3 Pulser
The pulser generates timing signals which control the automatic operation
of the partial-reflection instrumentation. A block diagram of the pulser is
shown in Figure 3.6 and the sequence of timing signals is shown in Figure 3.7.
The input to the pulser is the 60 Hz power line signal; all signals are derived
from this input.
The camera shutter is held open for 83 milliseconds. The first transmitter
pulse is triggered 40 milliseconds after the camera shutter opens. The period
between the first and second transmitter pulse is 33 milliseconds. Five milli-
seconds after the first transmitter pulse, the antenna phasing and receiver
polarity circuits are switched from ordinary to extraordinary polarization.
Five milliseconds after the second transmitter pulse, the antenna phasing and
receiver polarity circuits are returned to ordinary polarization. The camera
shutter is closed ten milliseconds after the second transmitted pulse and the
camera magazine winds to the next frame. The total time for each complete
cycle is two seconds.
30
(a)
(b)
Figure 3.5 Receiver response to a pulsed RF input with a tuned transformer (a)
and a ceramic filter (h) (after :lenrV, 1966).
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The pulser is capable of several modes of operation. The mode used for
this experiment is set by the following switch positions: S 1 is set to posi-
tion C, S 2 is set to position E, and S3 is set to 33 ms.
The auxiliary trigger has an adjustable delay time to compensate for inter-
nal triggering delays in the transmitter. In this way, the transmitted pulse
placement can be adjusted on the oscilloscope display. Heights are measured
from the center of the transmitted pulse.
Manual switches on the pulser provide control over the antenna polarization
when the automatic mode is not desired. The switches can be set to transmit and
receive any combination of ordinary and extraordinary polarization.
3.2.4 Height Mark Generator
A block diagram of the height mark generator is shown in Figure 3.8. The
input is the transmitter trigger pulse. The delay mono-stable multivibrator
allows adjustment of the height marks with respect to the center of the trans-
mitted pulse. The "enable" multivibrator supplies a gating pulse to the keyed
oscillator to turn it or for two milliseconds. The output mono-stable multi-
vibrator makes each height mark 3 microseconds long. The height marks are
spaced 33 microseconds apart to indicate 5 km intervals. The output amplifiers
supply the height marks to the oscilloscope z-axis input. The oscilloscope trace
is brightened during each height mark pulse.
The spacing between height marks is checked with an audio oscillator which
is monitored with a digital frequency meter. With the oscillator set to a
frequency of 30 kHz, its output is fed through a squaremaker. The resultant
square wave is displayed on the oscilloscope and compared with the actual
height mark spacing.
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3.1 c Logarithmic Amplifier
In-'tially a ±10 volt linear scale was used for display of the ordinan , and
extraordinary polarization signals. It was found that this display had inade-
quate dynamic range: for example, the ordinary amplitudes caused saturation
when the extraordinary amplitudes were readable. If the signal levels were
reduced so that the ordinary amplitudes were on scale, the extraordinary ampli-
tudes were too small to read.
This problem was eliminated by using a logarithmic amplifier at the receiver
output. A schematic diagram of the logarithmic amplifier and a summing amplifier
is shown in Figure 3.9. The portion of the circuit to the left of the relay
contacts is the logarithmic amplifier and the portion to the right is the sum-
ming amplifier.
The logarithmic amplifier is a symmetric circuit so it would seem that a
zero input voltage would produce a zero output voltage. This is not the case.
As in the mathematical model where the logarithm of zero is indeterminate, a
zero output cannot be obtained from the logarithmic amplifier. With the input
shorted, the output can be reduced to about three volts by adjusting the DC bias
voltage. Any further adjustment of the bias to decrease the output will only
result in a change of the output voltage polarity. The instability of this cir-
cuit near zero is the result of imperfections in the circuit components and an
extremely high amplifier gain. This amplifier works properly for the range of
experimental signals expected. The dynamic range for three decades of input
signal is from five to eight volts DC. This offset appears on both polarities
of signal if the polarity reversal is performed in the receiver. With this, con-
figuration, the 5 volt/cm scale has to be used on the oscilloscope. The ent_re
dynamic range of three volts is compressed into less than one centimeter.
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This troublesome offset voltage was compensated for with a unity-gain sum-
ming amplifier. The logarithmic output was connected to the negative input of
the summing amplifier and an adjustable voltage divider was connected to the
positive input. With no input to the logarithmic amplifier, the voltage divider
potentiometer was adjusted for zero output from the summing amplifier. This
was adequate for positive input signals to the logarithmic amplifier.
In order to insure equal amplification of both ordinary and extraordinary
signal amplitudes, the receiver polarity reversal circuit was disabled. Conse-
quently, the logarithmic amplifier inputs for both polarizations were positive.
The polarity reversal was obtained by switching the positive and negative inputs
to the summing amplifier. With the inputs switched, the logarithmic amplifier
output was connected to a ►: Ldjustable resistive summing network which nulled out
the unwanted DC offset voltage at the positive input to the summing amplifier.
With this input configuration, it was necessary to increase the feedback resis-
tance at the negative input of the summing amplifier to match the gain of the
circuit in the unswitched configuration. With this circuit combination, it was
possible to use the 1 volt/cm scale on the oscilloscope and be assured of equal
amplification of both the ordinary and extraordinary signal amplitudes.
The logarithmic amplifier has its own external power supply to provide
electronically regulated biasing voltages for the operational amplifiers and an
unregulated voltage for the relay.
The logarithmic gain is obtained by operating on the small signal portion
of the diode characteristic. The transfer characteristic of the logarithmic
amplifier is shown in Figure 3.10. The transfer characteristic for the receiver-
logarithmic amplifier combination is shown in Figure 3.11.
^ er
N
r
39
u
a^y
a~
41
u
m
1.
a
m
w
1+
4)
w
E
cd
U
.'+
E
00
Q
..7
Cl
M
d
b0
GL
U)
HJ
O
D
C t'
V
OD
(n
0
O	 1O	
(SfIOAT^) NSA
O0N
0
w
a
UO ris
r^ 1-4
W
U )
cC
0
0 °
Z >
v
^r}
V
U
O
EO
F+w
a^
v
N wN
r.
as
$4
F
M
O
F+
OQ
—4
W
no
Un	 lq-	 r)	 C%	 -	 c
(Si-IOn) 1n0A
41
3.2.6 Antenna System
The two antenna arrays are shown in Figure 3.12. The array on the left is
used for transmitting, the array on the right for receiving. Each array consists
of two sub-arrays of 30 parallel half-wave dipoles. The sub-arrays are perpen-
dicular to each other.
A block diagram of the transmitter antenna phasing system is shown in
Figure 3.13. The power divider provides half of the transmitter output power
to each antenna sub-array. The attenuator in each sub-array line is used to
match the losses in the lines if they are unequal. The matching networks pro-
vide impedance transformation from the 50 n coaxial cables to the 600 a open-wire
feedlines A constant 90° phase shift is introduced in the #2 antenna sub-array
preceding the matching network. The opposite polarization of this configura-
tion is obtained by reversing the sub-array feed connections on the antenna
side of the matching networks. The 90° phase shift unit is a section of coaxial
cable cut to the prf per length for the desired phase shift.
A block diagram of the receiver antenna phasing system is shown in Figure
3.14. The matching networks, phase shifters, and attenuators in this system
perform the same functions as in the transmitter phasing system. The 90° phase
shift unit is again a length of coaxial cable. The 180° phase shift is obtained
by reversing the primary winding connections cn a wideband transformer. The
received signals from each array are summed together to provide the receiver in-
put.
Each antenna system was checked in the following way. A signal generator
was connected to the receiver antenna output (transmitter antenna input) and a
vector voltmeter was connected to the open-wire feedlines at the antenna using
balanced-to-unbalanced transformers. The attenuators were set for minimum
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attenuation in both lines and the coaxial cable was trimmed to provide a 90°
phase shift between the lines. Only a small amount of added attenuation was
necessary to balance the added loss due to the 90° phase shifter in the other
line. This test insured correct phasing and equal signal amplitudes at the
transmitting antenna and the correctness of the phase and amplitude of the sig-
nals at the receiver. The impedance of each antenna sub-array was also measured.
These impedances for each array were 600 Q resistive.
The calculated antenna pattern for the 60 dipole array is shown in Figure
3.15. Actual measurement of the antenna pattern has been proposed for the near
future.
3.^.7 Data Recording Equipment
A Tektroni • type 504 oscilloscope is used to display the ordinary and extra-
ordinary signal amplitudes as a function of height (time). The ordinary trace
appears above the horizontal center line on the oscilloscope graticule and the
extraordinary trace appears below this line. The ordinary and extraordinary
traces are recorded on 35 mm film with a Beattie-Coleman: KD-5HD oscilloscope
camera. One picture is taken every two seconds.
The camera was focused by taking several pictures at each setting. The
focus was rotated using half-turn intervals between sets of pictures. The
oscilloscope graticule was illuminated in red, but this color did not show up
well on the film even using the maximum scale intensity. The graticule glass
had to be rotated to provide "white" lighting.
The type of film used was Kodak type 249 2- RAR which was designed for
uscilloscope recording.
A more detailed description of the transmitter and receiver circuits is
given by Henry (1966).
n
46
Arno	 00	 100	
- -
3^
Figure 3.15 Antenna combined E x H logarithmic pattern.
)°
47
3.3 Experimental Procedure for Data Recording
All of the equipment except fir the transmitter and oscilloscope, is turned
on two days prior to any data recording. This allows the system to stabilize
before an , ' adjustments are made. The oscilloscope and transmitter are turne
on 30 minutes oefore data are taken.
The final alignment begins with shorting the receiver input to ground and
adjusting the receiver output to zero volts with the receiver DC offset adjust-
ment. The summing amplifier output is then monitored and the voltage dividers
in that unit are adjusted to compensate for the DC offset voltage at the loga-
rithmic amplifier output. A signal generator is connectee to the receiver input
after the short is removed. The symmetry of the display about the horizontal
center line is checked for minimum, intermediate, and maximum receiver output
voltages. The normal mode indicates that the logarithmic amplifier output is
connected to the negative input of the summing amplifier and the inverted mode
indicates that the logarithmic amplifier output is connected to the positive in-
put of the summing amplifier. The change in oscilloscope deflection when the
logarithmic amplifier input voltage is changed from minimum to maximum is a
measure of the circuit gain. When these changes are equal for the two modes,
the gains for the two modes are seen to be equalized. The inverted mode gain
is set to that of the normal mode gain by adjusting the feedback resistance of
the summing amplifier.
A calibration is recorded on the 35 mm film before and after data is taken.
The calibration consists of signal generator inputs to the receiver to obtain
the following receiver output voltages: 0.1, 0.2, ..., 1.0, 2.0, ..., 10.0
volts. The calibrations are compared to detect any changes in system gain which
might have occurred during the data recording period.
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Each data run consists of three data sequences. During the first 30 frames
of the sequence, a double pulse of ordinary polarization is transmitted and
received. The second 30 frames are of extraordinary polarization and the final
90 frames of the sequence are in the automatic mode transmitting and recording
first o2 :^;nary then extraordinary polarization on each frame. The first sequence
of the run has no antenna input attenuation. The second and third sequences
have five and ten decibels of input attenuation respectively.
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4. DATA ANALYSIS AND RESULTS
4.1 Introduct.'on
The purpose of this s,c*ion is to describe how partial reflection records
were processed to obtain an electron-density profile rf the D-region. This
includes how the records were selected, scaled, and how the resulting data were
put in a form from which the electron densities coul , a calculated. Finally,
the electron-density profile was calculated and presented.
4.2 Method of Selection
Some data records were contaminated by intermittent noise received on the
ordinary polarization mode. This noise raised the average signal level of the
ordinary polarization several volts measured at the receiver output, over a
period of two to six seconds. Before _.ny fri%:,.es were scaled, the first 30 frames
of ordinary polarization in the sequence were inspected to ascertain the lowest
average reflected signal level below 50 km; on the supposition that no partial
reflections would be received below that altitude. Any frames which had ordinary
polarization signal levels above the lowest average were considered to be noise
contaminated and were rejected. The lowest average level of extraordinary polar-
ization below 50 km was also checked, and frame- wit, signal levels above this
lowest av%srage were also rejected. The data frames for scaling were selected
using these two criteria. All of the data frames were viewed a second time and
selection was based on the ordinary polarizat ? on restriction alone. Then the
frames which satisfied the ordinary polarization restriction were screened using
the extraordinary polarization restriction. This procedure indicated that frames
which satisfied the first restriction also satisfied the second restriction.
Only four percent of the frames which satisfied the first condition were rejected
for failure to satisfy the -econd condition. The frame sh,^-.wa .,j 77 iaure 4.1 is a
s0
Figure 4.1 Data record: both tr,ices ordinary polarization.
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typical example of two ordinary polarization traces which were used to determine
the lowest average signal level from 30 to 50 km. A record for this experiment
was acceptable if the average ordinary signal level was below the two-volt line
on the scaling grid (see Section 4.3).
4.3 Method of Scaling
Each data record is a picture of two oscilloscope traces. A typical accep-
table data record is shown in Figure 4.2. The trace above the horizontal center
line is ordinary polarization and the trace below is extraordinary polarization.
The date and time of each picture is recorded above the oscilloscope graticule.
The data records are projected on an 8 1/2" x 11" sheet of white paper with
a modified Solar enlarger. The oscilloscope graticule is traced on the sheet of
paper and vertical lines are drawn at three kilometer intervals between 57 and
90 km. Each level of receiver output voltage recorded during the calibration is
traced on the paper. In'this way the amplitudes of the ordinary and extraordi-
nary signals can be read quickly and easily. A scaling grid is drawn for each
day's data run.
Each acceptable data record is superposed on the scaling grid and the traces
are inspected for echo peaks. When peaks are found at the same height on both
the ordinary and extraordinary traces, those peak amplitudes are recorded.
The vertical center line of the graticule is the 60 km mark with height
increasing to the right; each centimeter represents 15 km. The reflected signal
amplitudes are measured from the horizontal center line of the graticule. The
first, second, third, and fourth lines on either side of the horizontal center-
line represents receiver output voltages of 0.1, 0.4, 2.0, and 10.0 volts,
respectively.
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4.4 Preparation of Data for Numerical Analysis
After all of the amplitude pairs (Ax ,A0) were scaled from the acceptable
records, the ratio of each pair was calculated. The amplitude ratios for each
day were plotted as a function of height. Because of the limited data, the
median -values were affected by the choice of the height about which the intervals
were centered. The median value for each three km interval was plotted on the
daily graph with the intervals centered on 70 km in one case and on 69 km in the
other. TI-e median values centered on 70 km were a better fit to the data point
distribution than those centered on 69 km. The average of the five daily median
values was calculated for each three km interval. These mean values of the ampli-
tude ratios were compared with the calculated values of the reflection coefficient
ratios. These amplitude ratios indicated excessive differential absorption at
altitudes below 70 km. The amplitude ratios from 60 to 69 km remained nearly
constant at unity, suggesting that the partially reflected signals were exceeded
by the noise level. The daily graphs of x/A 0 vs height were reviewed and the
day which had the lowest noise level was chosen for the calculation of the
electron-density profile.
The presence of noise contamination is allowed for as follows. It is assumed
that the received signal amplitudes are a combination of reflected signal plus
noise which can be expressed as
A	 =	 A'2 + N2
o,x	 o,x	 o,x
where Ao x is the resultant signal amplitude, Ao x is the partially reflected
signal amplitude, and No 
x 
is the noise amplitude. Solving for Ao 
x, 
the result
is
t'
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'	 2	 2
Ao,x	 Ao,x - No,x
The noise amplitude is the mean value of the amplitudes below 69 km for each
polarization.
f	 1
The partially reflected signal amplitudes, Ao x , and their ratio, Ax/Ao,
were calculated for October 9, 1968. The averages of adjacent points were calcu-
lated and plotted between their respective points; these points, shown in Figure
4.3, provided the amplitude ratios at three km intervals from which the electron
densities were calculated.
The collision frequency model chosen for this calculation is rased on rocket
measurements at Wallops Island, Virginia. The measurements of collision frequency
which were obtained from 85 to 105 km during the flight of Nike-Apache 14.143
(Mechtly et al., 1967) on April 16, 1964 are shown in Figure 4.4. The resulting
collision frequency model is vm = 7.97 x 105p where the values of p are taken
from a Reference At,nosphere (CIRA, 1965) and the units of p are newton /meter2.
Since Wallops Island, Virginia and Urbana, Illinois differ by only 2 . 4 0 in geo-
graphic latitude and 1 . 7° in magnetic dip angle, this collision frequency seems
an appropriate choice.
4.5 Numerical Analysis
The values of electron density are calculated from Equation ( 2. 1 0) by a com-
puter program, described in the Appendix. The inputs of the program are pressure
^	 r
values, p, amplitude ratios, Ax/Ao , and the constants necessary to calculate the
integrals. The 6 integrals are calculated from their approximate formulas
as given by Burke and Ha--a (1963): details are given in the Appendix.
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The first "DO" loop in the program calculates the heights at which electron
densities are calculated. This is used only for the printout. The second "DO"
loop calculates the values of collision frequency for the height range. The
third "DO" loop calculates the /19 integrals and the ratio of the reflection
coefficients. The fourth "DO" loop calculates the quantities which must be evalu-
ated at the center or the height interval and finally calculates the values of
electron density at ne center of each height interval.
4.6 Electron-DLnsity Profile
The electron-density pTOfile deduced from partial reflection measurements at
Urbana, Illinois is shown in Figure 4.5. The electron densities from 71.5 km to
86.5 km inclusive were calculated from experimental data while those above 86.5
kri and below 71.5 km were calculated from possible extensions of A x/Ao curve.
The F-, :)iected values are connected with dashed lines while the experimental
points are connected with solid lines.
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S. CONCLUSION AND SUGGESTIONS FOR FURTHER WORK
5.1 Discussion of Results
In Figure 5.1, the electron-density profile obtained in this experiment is
shown with the rocket profiles presented in Chapter 1. The October profile is
in close agreement with the September and November rocket results at 85 km, but
this agreement decreases progressively below that height. The greatest differ-
ence in electron density occurs at 71.5 km. At that height, the October result
is a factor of eight less than the September result and a factor of three or
four less than the November result. However, it should be noted that at about
70 km height can vary by as much as a factor of six in a single month (Belrose
et al., 1965). The October and November profiles are in good agreement con-
sidering this winter variability.
To illustrate the possible range of behavior of electron density above and
below the region where appreciable partial reflections were obtained, the Ax/Ao
curve has been extrapolated with dashed lines and electron density calculated
from it. This electron aensity is shown with dashed lines in Figure 5.1 and it
must be understood that they provide only an idea of the possible behavior.
Atmospheric noire is a significant limiting factor at Urba.ib. It determines
the lowest level at which partial reflections can be detected. In this experi-
ment, the lowest partial reflections obtained were above 70 km. It should be
possible to detect partial reflections below 70 km at Urbana with lower atmo-
spheric noise conditions, for the following reasons. The minimum detectable
signal at the receiver input is about 1 VV, but the noise level was about 5 uV.
Partial reflections with signal levels in the range 1-5 PV could have been
present.
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In a recent paper, Gregory and Manson (1968) have suggested that the partial
reflection system using very simple transmitting and receiving arrays would suf-
fice for D-region measurements. They base this on a comparison of thermal noise
with estimates of the partial reflection coefficients. To check this hypothesis
the ordinary partial reflection amplitudes used in the previous chapter were
calibrated in terms of the reflection coefficient of an ideal partial reflector
at 70 km. To make this calibration, a measurement was made of the ordinary
reflections during the night, when the reflection coefficient of the ionosphere
is close to unity. The signal at the receiver input was 0.18 volts with an F-
layer reflection at 315 km virtual height. Allowing for the inverse decrease
of amplitude with distance, this would correspond to a signal of 0.8 volts at the
receiver input for a perfectly reflecting plane at 70 km altitude. Figure 5.2
shows a graph of partial reflection coefficients versus altitude for these results.
It is evident that, under the noise conditions prevailing, the minimum
detectable partial reflection coefficient was 9.6 x 10 -6 . On the other hand,
had the atmospheric noise been absent, the receiver noise would have implied a
f	 minimum detectable partial reflection coefficient of 2 x 10-7 . In arriving at
their minimum detectable reflection coefficient of 10 -6, Gregory and Manson (1968)
completely neglected atmospheric noise. As can be seen from the above figures,
s
	 the atmospheric noise was 34 dB above the receiver noise; a figure which is in
approximate accord with tabulated mean noise levels.
Since the antenna system used here has an approximate gain of 23 dB greater
than that hypothesized by Gregory and Manson (1968), few, if any, partial reflec-
tions would have been seen with the simple antenna array, on the day when the
observations of Figure 5.2 were taken.
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In summary, it is concluded that (within its limitations) the partial
reflection experiment provides reasonable measurements of electron density at
Urbana, Illinois and will be a useful technique for further D-region study.
S.? Suggestions for Further Work
During this experiment, the transmitter operated at a reduced power output
of about 25 kW. The transmitter should be modified for greater reliability at
its maximum output. The experimental results would be improved with use of the
transmitter at its full 50 kW output.
On some days, as many as one-half to two-thirds of the records were rejected
for noise contamination. The data recording period should be extended to at
least nine minutes to obtain a greater number of acceptable records.
Scaling of the data records is a tedious and time-consuming process. An
improved method of data recording and processing, such as the use of automatic
recording, would significantly increase the amount and quality of information
available for studying the D-region.
A systematic program of partial reflection measurements should be undertaken
at Urbana to establish the diurnal and seasonal behavior of the D-region, particu-
larly its winter variability.
APPENDIX
•1
The Approximate Equations for the J Integrals
,3/2 (X) _ (X4 +a3X3+a 2X 2 +a lX+aO)/(X6+b 5X 5+b 4X4+b 3X 3+b 2X 2+b  1X+b0)
where
a = 2.3983474 x 10-20
a 1 = 1.1287513 x 10
= 1.1394160 x 102a 2
a3 = 2.4653115 x 10
b = 1.8064128 x !.0-20
b 1 = 9.3877372
b 2 = 1.4921254 x 102
b 3 = 2.8958085 x 102
b 4 = 1.2049512 x 102
b 5 = 2.4656819 x 10
65/2(X) = ( X3+a 2X2+a1X+a0) /(X5+b4X4+b3X3+b2X2+bIX+b0)
64
a2 = 6.6945939
b = 4.36CS7320
b  = 6.4093464 x 10
65
b 2 = 6.8920505 x 10
b 3 = 3.5355257 x 10
b4 = 6.6314497
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List of Symbols Used in the Computer Program
P = pressure
HT = height
GNU = collision frequency = v 
0	 (w+wL)/vm
X = (w-wL)/vm
CTO = 4/2[(w+wL)/vm]
CTX =
	 j,3/2[(w-wL)/vm]
CFO = 6512[(w+w L)/vm]
CFX =
,95/2 [ (w-wL) /vm]
RX=R
x
RO = R0
RXBYRO = Rx/Ro
AXBYAO = Ax/A0
RATIO = (Ax/A0(Rx/Ro)
DELTAH = Ah
AVGNU = v  at the center of Ah = (vm)Ah
FO = S(e2 /ME 0) 6 512 [(W+W  L)/(vm)Ah]/4c(vm)Ah
FX = S(e 2/me 0) (95/2[(w-wL)/(vm)Ah]/4c(vm)Ah
FD = FX - FO	
In{[(AX/Ao) /(RX/Ro)]h /[(Ax/A0)/(Rx/Ro)]h }
ELDEN = Electron Density =
	
1	 2
2AhFD
FASTRAN
GO
CALCULATION OF ELECTRON DENSITY FROM PARTIAL REFLECTION DATA
DIMENSION P(34),GNU(34),MT(11),RXBYRO(12),AXBYAO(12),ELDEN(11),FD(
111),RATIO(12),RX(12),RO(12),AVGNU111)
RIT 7,10,P
10 FORMAT (3X,7E11.5)
RIT 7,119A19A29A3,A4,BI,B2,B3,B4,85,B6,D1,D2,D39E1,E29E39E49E5
11 FORMAT (2X,6E13.7)
RIT 7,13,AXBYAO
13 FORMAT (3X,11F7.2)
C
	
CALCULATE HEIGHTS
DO 20 K=1,11
AK=K
20 HT(K)=56.5+3.*AK
C
	
CALCULATE COLLISION FREQUENCIES
DO 21 L=1,34
21 GNU(L)=0.797E+6*P(L)
C
	
CALCULATE C INTEGRALS FOR ARGUMENTS OF 0 AND X
DO 22 K=1.12
0-(2.59614E+7)/(GNU(3*K-2))
X-(7.3886E+6)/(GNU(3*K-2))
CTN= 0*(0*(0*(O+A1)+A2)+A3)+A4
CTD=O*(O*(O*(0*(0*(O+B1)+82)+83)+84)+85)+B6
CTO=CTN/CTD
CTXN=X*(X*(X*(X+A1)+A2)+A3)+A4
CTXD- X*(X*(X*(X*(X*(X+81)+82)+B3)+B4)+B5)+86
CTX=CTXN/CTXD
CFO=(0*(O*(0+01)+02)+D3)/(O*(0*!0*(0*10+E11+E2)+E3)+E4)+E5)
CFX-( X*(X*(X+D1)+D2)+D3)/( X* (X*(X*(X*(X+El)+E2)+E3)+E4)+E5)
CALCULATE RATIOS
RX(K)=SORT((X*CTX)**2+(2.5*CFX)**2)
RO(K)=SQRT((0*CTO)**2+(2.5*CFO)**2)
RXBYRO(K)-RX(K)/RO(K)
RATIO(K)-AXBYAO(K)/RXBYRO(K)
DELTAH=3.E+3
CALCULATE ELECTRON DENSITIES
DO 23 M=1,11
AVGNU(M)=(GNU(3*M-i)+GNU(3*M))/2.
0=(2.59614E+7)/(AVGNU(M))
X-(7.3886E+6)/(AVGNU(M))
CFO=(O*(O*( O+D1)+D2)+D3)/(O*(0*(0*(0*(O+E1)+E2)+E3)+E4)+E5)
CFX=(X*(X*(X+D1)+D2)+D3)/(X*(X*(X*(X*(X+E1)+E2)+E3)+E4)+E5)
FO=(5.*3.1824E+3*CFO)/(4.*3.E+B*AVGNU(M))
FX= (5.*3.1824E+3*CFX)/(4.*3.E+8*AVGNU(M))
FD(M)-FX-FO
23 ELDEN(M)-ELOG(RATIO(M)/RATIO(M+1))/(2.*DELTAH*FD(M))
WOT 6,30
30 FORMAT 11H044X,7HHT.(KM)9X,16HELECTRON DENSITY44X//)
WOT 6931,((HT(K),ELDEN(K)),K=1,11)
31 FORMAT (45X,F5.2,11X,E14.8,45X)
END
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